In this paper harmonic survey at different high power nonlinear loads is presented. An attempt is made here to record the existing level of harmonic pollution present in the Indian system for the investigation. In modern industrial sector many controlled processes are being carried out at high power and high voltage levels. A power quality survey is carried out in the industry, where high power AC drive is used. A survey at substation is also conducted to know the harmonic level present at the distribution level. Implementation of shunt active power filter (APF) in high voltage system requires high rating transformer which increases the losses and cost. But application of multilevel inverter in active filters eliminates use of bulky and high cost transformer and also improves the performance. Simulated results prove the effective elimination of harmonics with multilevel inverter in high voltage power system without use of transformer.
Introduction
The alternating current systems have blown utility of electrical power both for the concentrated as well as distributed loads. Linear loads draw sinusoidal current, when sinusoidal voltage is applied across it. But this is no longer the case with modern electric power systems. Massive use of the nonlinear devices has led to distortion of voltage and current waveforms. As a consequence, the issue of power quality has become important. Both the electric utility and end-users of electric power are becoming increasingly concerned about the quality of electric power. The applications of advanced technologies in industrial sectors include power semiconductor systems which are designed using fast switching power semiconductor devices such as phase controlled or uncontrolled rectifiers, inverters, AC voltage controllers and cycloconverters. High voltage converters are used in high voltage drives, electric traction and high voltage DC transmission (HVDC).
Commercial facilities such as office complex, department stores, hospitals, Internet data centers and others are dominated with energy efficient fluorescent lighting with electric ballasts; which employs switch mode power supply; uninterruptible power supply, personal computers, printers etc. are seen as nonlinear loads by the power system [1] . Nonsinusoidal currents propagate throughout the power system, causing voltage drop across the impedance of transmission lines and transformers. Thus the voltage at the point of common coupling (PCC) is no longer sinusoidal, but it is distorted. The quantum of voltage distortion depends on the line impedance and the magnitude of current. When several customers or users share a common power line, the voltage distortion produced due to harmonic current injection by one user can adversely affect the quality of power supplied to others [2] .
Harmonics are responsible for increased system losses, heating of equipment and reduction in its useful life, mal-operation of protective devices, failure of reactive power compensating capacitors, and interference with control and communication circuits. Occurrence of parallel resonance between the supply system reactance and power factor improvement capacitors are also not uncommon [3] [4]. This necessitates an effective elimination of harmonics both for the utilities and the end users [5] . In this paper harmonic survey carried out in high power applications is presented. Such survey will provide a fairly better idea about harmonic problem and its location. An attempt is made here to record the existing level of harmonic pollution present in the Indian system for the investigation. The voltage and current waveforms of some commonly used loads and their harmonics have been measured. Total harmonic distortion (THD) is used as an index to identify the effects of different nonlinear loads. The possible solutions for harmonics in high power applications are discussed. Simulation results show that use of multilevel inverter based active power filter eliminates harmonics in high voltage high system effectively.
Power Quality Survey
A power quality survey is carried out in the industry, where high power AC drive is used. A survey at substation is also conducted to know the harmonic level present at the distribution level. In commercial complex where fluorescent tubes and compact florescent lamps (CFLs) are being used as part of energy conservation program, but introduces the harmonics in the system. While recording the harmonics and waveforms by power analyzer, 1, 2 and 3 notations are used for phase A, B and C respectively.
Power quality at starch industry
Sahyadri Starch is the starch manufacturing company at M.I.D.C Miraj, Maharashtra, India. Maize starch is produced by the wet milling process, which involves grinding of softened maize and separation of corn oil seeds (germs), gluten (proteins), fibers (husk) and finally pure starch. The blowers are used for the separation of starch after grinding. Controlled air flow is required for proper separation and good quality of starch. The control is achieved with the help of AC drive based on the quantity of starch and temperature of the medium. A three-phase drive of 110 KW, 440 V (line-line) is used for this application. Three-phase current waveforms and corresponding harmonic contents are recorded and shown in Fig. 1 for phase A only. The voltage and current waveforms are shown in Fig. 2 (a) . Harmonic measurements show that the voltage harmonics are less, but, current waveforms are highly distorted. The THD for phase A, B and C are 52.2%, 53.6 and 45.1%. It is observed that 5th and 7th harmonics are the dominating components and thus adjustable speed drives generate high value of distortion. The active, reactive power and power factor are also recorded in Fig. 2 (b) . It is observed that the nonlinear load draws the reactive power, resulting in lowering the power factor to 0.877. This creates a concern for power quality and thus necessitates suitable measures for compensation of reactive power drawn by the load and corrections of harmonics. Power quality survey at battery charging room at substation-current harmonic spectrum in phase A.
Power quality at substation and distribution lines
A survey of voltage and current harmonics present in the distribution system at Battery Charging Room at 110/33KV Substation Vishrambag, Sangli, Maharashtra, India, is carried out. The voltage waveform which is sinusoidal is shown in Fig. 3 (a) and the nonsinusoidal current waveforms are shown in Fig. 3 (b). Voltage distortion was observed less than 1-2%, but current distortion was significant. The THD in phase A is 9.8% as shown in Fig. 4. 
Power quality in commercial complex
Harmonic survey is conducted in a commercial complex at Sangli, Maharashtra, which have many shops of diverse products and services with majority of electronic gadgets. In commercial complex fluorescent lamp and electronic ballasts are used widely due to their high efficiency. The relationship between voltage across and current through a fluorescent lamp is nonlinear due to characteristic of the electric arc, which is responsible for illumination. The electronic ballast consists of half bridge inverter and an LC filter, which is responsible for nonlinear characteristics of the lamp. Fig. 5 shows the different power components and power factor at commercial complex. The current waveform and harmonic content for phase C is shown in Fig. 6 . The maximum current THD observed is 18.3%. Thus, the use of modern equipments in commercial complex, deteriorate the power quality and it necessitates corrective action to improve the power factor and harmonic compensation at such complexes. Survey of harmonics content at high power drives in industry, high voltage distribution system and in commercial complex is carried out with an objective to know the existing level of harmonic distortion present in the system. It is observed that generally the voltage distortion is recorded to be within the acceptable limit of maximum THD. However the current distortion is found to be around 52.2% in the industrial sector with adjustable drives. Increasing use of such loads may result in serious deterioration of power quality and thus it needs to be controlled, so that THD is within IEEE limit of 5%.
Harmonic Compensation Techniques
Compensation of current harmonics injected by nonlinear load is required to be done nearest to the load terminal so that harmonic current do not flow into the system [6] . It reduces to a great extent the amount of distortion in the voltage at PCC. There are various methods to compensate harmonics. The conventional methods are passive filters and APFs.
Passive filters
Despite simplicity and low cost of passive filters their use is limited as these are tuned to particular frequency and only that harmonic is eliminated, filtering characteristics are dependent on source impedance which is not accurately known and also varies with changes in configuration of power system during its operation and at particular frequency resonance may occur between the source impedance and shunt passive filter, resulting in harmonic amplification.
Active power filters
Active power filters (APFs) are seen as a viable alternative over classical passive filter and reactive power compensation of non-linear loads [7] . Fig. 7 shows the basic compensation principle of the Shunt APF. In general the APFs are Pulse Width Modulated (PWM) inverters with capacitor or inductor on its side. The PWM inverter switches are controlled such that it supply a compensating current i c and cancels current harmonic on the AC side by generating harmonics opposite to the load harmonics [8] . This makes the source current i s almost sinusoidal which may be in phase or phase displaced with mains voltage, based on design of control algorithm of the filter [9] , [10] . The design can cater to the requirements of either both harmonic and reactive power compensation or only harmonic compensation.
Remarkable progress in the capacity and switching speed of solid state, self commutating power semiconducting devices such as power MOSFET, IGBTs, IGCTs and parallel progress in processers and high speed digital signal processing (DSP) has made APFs more effective and efficient to eliminate current harmonics generated by non-linear loads in low voltage system. In modern industrial sector many controlled processes are being carried out at high voltage levels. The range of induction motor drives has reached up to 20 MW for supply voltages from 3.3 kV to 13.8 kV of 50 Hz or 60 Hz. The large size passive filters for different harmonic components are used in high voltage DC (HVDC) systems which result in high space requirement and high cost. Alternatively, application of APFs in high voltage system is gaining importance and interest of researchers [11] . The conventional active filters have limitations in medium and high voltage applications due to semiconductor's reverse voltage rating constraint, high losses caused by switching high voltage and high current, consequent high dv/dt, adversely affect the communication system due to EMI as well as insulation degradation in electronic and electrical systems. The commutation frequencies increase the losses directly affecting the efficiency of the active filter.
APFs can be used in high voltage system in two ways. In first method series connected semiconductor switches are used but, this configuration faces problems of unbalanced static and dynamic voltage sharing due to deviations of device characteristics and drive circuits. It further, requires large number of snubber components which cause additional losses and adversely affect reliability of the system. The second way is to connect APF through step up transformer. In this method the volt-ampere (VA) rating of transformer is much higher than the rms VA rating of system due to reactive power of harmonics. The use of transformer also causes difficulties in control due to DC magnetizing and surge overvoltage problems causing saturation of the transformers in transient states, thus, making overall system more bulky and costly.
MLI Based APF For High Voltage Systems
Development of high voltage inverters based on MLIs has attracted the attention of power electronics community. The characteristic of these converters is to generate a waveform using several voltage levels and thus causing a very low harmonic content associated with switching of devices. MLI includes an array of power semiconductors and capacitors. The commutation of the switches facilitates summation of capacitor voltages, providing high output voltage without the use of transformer, and without additional stressing on power semiconductors.
There are three basic types of MLIs, viz. diode clamped, flying capacitor and cascade multilevel. Cascade MLIs are increasingly being adopted in high power applications due to its modular structure which make easy to design, assemble and control of other types of MLI [12] .
In operation of MLI based APF, the harmonic component of load current is derived through harmonic detection circuit and used it with opposite polarity as the reference compensating current. Switching signals for MLI are generated such that AC side output current of APF follows the reference current closely and provides the harmonic current of the load to make source current nearly free from harmonics. This application does not require active power output from the inverter; therefore separate source for each converter bridge is not required.
The APF also draws small power from source to compensate the switching and capacitor losses in the APF. DC voltage of each converter should be balanced for proper compensation. The capacitor voltages are sensed and compared with the reference voltage. The error is processed in a controller to generate loss component of APF which is used to generate the reference signal of APF [13] , [14] .
The power circuit diagram of five-level MLI based APF is shown in Fig. 8 . The MLI based APF system is developed in MATLAB SIMULINK and following parameters are selected for simulation.
The simulation results are shown in Fig. 9 . The source voltages, load currents are sensed and reference source currents are generated by using p-q theory [14] and gating pulses are generated by carrier phase shifted PWM (CPS-PWM) [16] . The load current i La is nonsinusoidal with THD of 23.94%. APF injects compensating current, so that source current becomes sinusoidal with THD of 1.94% as shown in Fig. 10 . In five-level MLI, voltage across each capacitor is nearly half of supply line voltage. This reduces the rating of switching device which is an important advantage to support use of MLI for APF in high voltage system. Further the voltage waveform on AC side of MLI is of reduced THD as compared to two-level inverter. 
Conclusion
In this paper a survey of harmonics content at high power drives in industry, high voltage distribution system and in commercial complex is presented. It is observed that the voltage distortions are within 1-2%, which is well below the IEEE standard limit of 5%, but current distortion is found to be around 52.2% in the industrial sector with adjustable drives high range, which should eliminated near customer end. The conventional APFs are effective in low voltage applications, but in high voltage systems, they have limitations and make system bulky and of high cost. Use of multilevel inverter for APF in high voltage system eliminates use of high cost transformer. Simulated results verify that five level MLI based APF can compensate harmonics without use of transformer correctly and validly.
